Microfossils preserved in chert from the ϳ1.9 Ga Gunflint Formation (Schreiber Beach, Ontario, Canada) were studied with transmission electron microscopy (TEM) and analytical TEM (ATEM). Our goals were to uncover the style of silicification relative to the distribution of organic matter, and to evaluate the distribution and evolution of organic matter, at submicroscopic spatial scales. Petrographically the microfossils typically display filamentous or coccoidal morphologies, and consist of quartz crystals surrounded by kerogen along grain boundaries. ATEM analysis revealed that quartz associated with kerogen consists of 200-500-nm-sized, round crystallites, whereas the chert matrix is comprised of randomly oriented, polygonal microquartz (5-10 m). Silica spheroids found within some fossils consist of quartz subgrains in an amorphous to poorly crystalline matrix, suggesting that precipitation of opaline silica on organic matter occurred with subsequent but incomplete transformation to ␣-quartz. Some coccoidal microfossils surround large euhedral quartz crystals (up to 5 m in diameter) that appeared to have influenced the distribution of kerogen during crystal growth. These euhedral quartz crystals commonly contain elongated (50-100 nm) iron-rich crystallites. Energy-loss, near-edge structure analysis of kerogen associated with a coccoidal microfossil showed that it is composed of amorphous carbon with no evidence of graphitization. TEM results revealed significant differences in the style of silicification between microbe-shaped microfossils and their surrounding chert matrix, as well as the presence of amorphous kerogen. Key Words: Biosignatures-Gunflint microfossils-Kerogen-Silica-Transmission electron microscopy. Astrobiology 4,[196][197][198][199][200][201][202][203][204][205][206][207][208][209][210].
INTRODUCTION
S OME MICROFOSSILS found in Precambrian cherts have been interpreted as fossilized by silica near a sediment-water interface, with little subsequent deformation (see, e.g., Simonson, 1987;  dissent over the authenticity of the proposed oldest microfossils on Earth (Brasier et al., 2002) , as well as controversy resulting from morphological comparisons of terrestrial "microfossils" to features in the martian meteorite ALH84001 (McKay et al., 1996) , suggest an ongoing need for improved resolution and quality of morphological, mineralogical, microstructural, and compositional data from both real microfossils and pseudofossils. Here we present the results of transmission electron microscopy (TEM) and analytical TEM (ATEM) studies of features widely accepted as Precambrian microfossils from the Schreiber Beach locality of the ϳ1.9 Ga Gunflint Formation in Ontario, Canada (cf. Barghoorn and Tyler, 1965; Awramik and Barghoorn, 1977; Moore, 1993) . This study focused on understanding the style of silicification in relation to the distribution of organic matter, and evaluation of the distribution and evolution of organic matter, at nanometer to micrometer scales.
The distribution of kerogen, insoluble hydrocarbon degradation products of heterogeneous organic matter in sedimentary rocks (cf. Durand, 1980) , into prokaryote-like morphologies is an established criterion for evaluating the origin of putative microfossils (Schopf and Walter, 1983) . Controversy over the origin of kerogenous microfossil-like features in the ϳ3.5 Ga Apex Formation cherts from Western Australia (Brasier et al., 2002; Schopf et al., 2002) is partially based on the structure of carbon. Schopf et al. (2002) interpreted Raman spectra of carbon in the Apex Chert to indicate slightly graphitized kerogen, whereas Brasier et al. (2002) interpreted nearly identical spectra from Apex Chert samples as evidence for disordered graphite that probably formed abiotically. The ability to evaluate the structural and chemical state of kerogen in microfossil assemblages may be a critical prerequisite to using kerogen as a biosignature. The structure and crystallinity of kerogen or abiotic carbonaceous material can be investigated with a variety of tools, including laser Raman microprobe (Wopenka and Pasteris, 1993; Pasteris and Wopenka, 2002; Schopf et al., 2002) , electron diffraction and high-resolution TEM (Oberlin et al., 1980; Buseck et al., 1988; Tazaki et al., 1992) , and electron loss near-edge structure (ELNES) (Miner, 1989) . In the case of Raman spectroscopy, it is difficult to distinguish highly disordered graphite from amorphous carbon. However, ELNES can clearly distinguish amorphous carbon from disordered, graphitized carbon (Miner, 1989) . In this paper we also report the use of ELNES to show that the kerogen in Gunflint microfossiliferous chert is amorphous carbon with no evidence for graphitization.
METHODS
Thin sections (30 m thick) of Gunflint chert were prepared using a thermal adhesive (Crystalbond™, Aremco Products, Inc., Valley Cottage, NY) to allow later extraction of areas selected for TEM work. Sections do not reflect a known orientation relative to the fabric of metasedimentary bedding planes, as the hand samples studied were not clearly marked. Target areas were first examined with light microscopy for comparison of features to form-based taxa (see, e.g., Barghoorn and Tyler, 1965; Hofmann, 1971) as well as for locating features of interest for TEM studies. Three-millimeter sample disks, adhered to Cu grids (PELCO 1 ϫ 2 mm slot and 1 mm hole grids, Ted Pella, Inc., Redding, CA), were extracted and thinned to ϳ100 nm thickness using the Gatan™ PIPS ® ion-polishing system (Gatan, Inc., Pleasanton, CA). Low incidence angles of Ar ϩ ion bombardment in the PIPS deposited some Cu from the Cu support grid onto the sample during milling, which resulted in some Cu contamination in energy-dispersive x-ray spectroscopy (EDS) analyses. However, the use of low sputtering angles and low bombardment energies (1-5 keV) served to minimize radiation damage and specimen heating. Low-angle thinning also produces exceptionally large, clean, electrontransparent areas. To prevent charging in the electron beam, all thinned samples were coated with Ͻ10 nm amorphous carbon with a JEOL evaporator (JOEL-USA, Peabody, MA) using graphite rods and resistive heating. Tests showed this ultrathin carbon layer contributed negligibly to EDS.
TEM was performed at the Center for High Resolution Electron Microscopy at Arizona State University, Tempe, AZ, using both a JEOL 2000FX transmission electron microscope fitted with a KEVEX™ ultrathin window EDS detector (Thermo Electron Corp., Waltham, MA) and a Philips™ field-emission gun (FEG) microscope (CM200-FEG, FEI Co., Hillsboro, OR) fitted with an EDAX™ ultrathin window EDS detector (EDAX, Inc., Mahwah, NJ) and a Gatan parallel electron energy-loss spectrometer (PEELS). Both microscopes were operated at 200 kV with liquid nitrogen anti-contamination devices and doubletilt, side-entry specimen holders. The 2000FX was used for imaging and selected area electron diffraction (SAED) because of its large (Ϯ60°) tilting range. The CM200-FEG was operated primarily in scanning mode [scanning TEM (STEM)] for image acquisition, EDS, and electron energy-loss spectroscopy (EELS) spectra microanalysis. Our STEM images were obtained in bright-field mode and high-angle annular dark-field (HAADF) mode. In HAADF, a small camera length is used so that only electrons scattered to high angles are collected by the annular dark-field STEM detector (Crew et al., 1968) . The resulting images have contrast that is strongly dependent on the average atomic number of the material in the sample (Wang et al., 1995) .
EDS analyses were performed with live times of 60-100 s per analysis, with dead times ranging from 10% to 30%. Beam current densities were Ն30 pA cm Ϫ2 , and spot sizes of Ͻ10 nm (JEOL 2000FX) and 1-2 nm (CM200-FEG operating in STEM mode) were used. Images of the sample were taken before and after analysis to ensure that the location of the electron probe did not change significantly as a result of specimen drift. EELS data were obtained with the CM200-FEG using a FEG extraction voltage of 3.8 kV and energy resolution of about 1.0 eV. Spectra were collected using integration times of 2-5 s. Darkcount subtraction, gain normalization, and removal of plural scattering contributions were performed with Gatan ELP software for PEELS spectra so that the ELNES could be examined. All ATEM microanalytical data were acquired and reduced using ES Vision ® software, provided by Emispec™ (FEI Co.).
RESULTS

Petrographic observations
Optical properties as observed in thin sections with the petrographic microscope showed Gunflint microfossils are composed of localized, bacteria-shaped regions of dense brown kerogen (see, e.g., Hayes et al., 1983) hosted in a matrix of microquartz with interstitial fibrous, spherulitic chalcedony. Zoned carbonate rhombs that exhibit yellowish-brown, Fe-rich cores and light-brown to colorless, Ca-and Mg-rich rims are inter- spersed within the matrix. Some carbonate rhombs are partially replaced by microquartz or aggregated granular pyrite. Our petrographic observations confirmed previously published observations of the Lower Algal Chert member of the Gunflint Formation near the Schreiber Beach locality (see, e.g., Simonson and Lanier, 1987) .
Based on petrographic and TEM observations, EDS analyses, and SAED, the chert matrix was found to be composed of ␣-quartz with an average grain size Յ10 m. This matrix microquartz is commonly equiangular with triplejunction-like grain boundaries that are slightly curved to nearly planar with ϳ120°intersec-tions. "Megaquartz" grains larger than 10 m are present generally as cavity fill in fractures, vugs, and within the centers of partially silicified ooliths. Spherules of chalcedony are also present in some areas of the matrix that appeared to be relict cavities; these spherules are composed of radially fibrous microquartz and, commonly, light-brown kerogen. No structurally preserved microfossils were recognizable in these areas. A and B) and TEM (C) photomicrographs of a Gunflintia filament that has been thinned to electron transparency for TEM analysis. This figure illustrates how optical images are used to trace microfossils through the ion-thinning process so that TEM work can be done on a specific fossil. The dark region in A and B corresponds to the kerogen-bearing slice through the filament as it becomes progressively thinner from A to B. The low-magnification bright-field TEM image in C corresponds to the optical image in B and has the same foil-edge topology (black line) as the optical image in B. In C, the kerogen-bearing material (outlined in white) is finer grained than the surrounding quartz.
FIG. 2. Optical (
Filaments similar in appearance to microfossils classified as Gunflintia minuta by Barghoorn and Tyler (1965) were found to constitute the dominant taxonomically classified microfossil morphology in our samples (Fig. 1A) . Hereafter, these features are referred to by that classification for convenience of description. G. minuta microfossils varied from 0.8 to 1.4 m in width, similar to the size ranges observed by Lanier (1989) . In length, they ranged from as short as 3 m to as long as 200 m, depending on their orientations relative to the plane of the thin section; some filaments were segmented and exhibited crosswalls that resemble bacterial septa. Most filaments occurred in clusters with other filamentous and coccoidal microfossils.
Coccoidal microfossils identified in this study are identical petrographically to (and will be referred to as) Huroniospora spp. observed by Hofmann (1971) , and represent the second-most commonly observed type of microfossil ( Fig. 1 ). These coccoids were grouped into two taxa on the basis of morphology and surface texture: Huroniospora microreticulata (fine, "reticulated" exterior; Fig. 1B ) and Huroniospora macroreticulata (coarse, "reticulated" exterior; Fig. 1C ). Huroniospora coccoids have a bimodal size distribution with sizes that ranged from 2 to 3 and 5 to 6 m in diameter, and averaged 4.25 and 5.75 m (Lanier, 1989) . Larger coccoids about 8-10 m in diameter were abundant in some areas, while H. macroreticulata coccoids (20-30 m in diameter) were also present but less common. A group of smooth-surfaced coccoids, Huroniospora psilata (Hofmann, 1971) , were also observed. Some of these contained a central inclusion and exhibited tube-like structures similar to some H. macroreticulata. Most Huroniospora coccoids were present as isolated microfossils, but mixed Gunflintia and Huroniospora clusters were also observed.
TEM imaging and x-ray microanalysis of microfossils
G. minuta, H. microreticulata, and H. macroreticulata taxa were examined with TEM bright-and dark-field imaging, STEM annular dark-field imaging, and EDS. The microstructural and compositional characteristics of each form are discussed separately.
G. minuta microfossils are straight and curved filaments that, in our specimens, showed no observed preferred orientations relative to the parallel surfaces of the thin sections. The preparation of electron-transparent foils by ion milling resulted in extremely thin oblique cross-sections of filaments. However, continuous rotation, low-angle sputtering, and low-energy irradiation during cross sectioning by PIPS ion milling reduced the potential for significant mechanical, thermal, or chemical alteration of microfossils and the production of artifacts. Although the absorption of visible light by kerogen makes microfossils eas- have a mottled contrast corresponding to slightly rotated subgrains, which are also indicated by spot splitting in the diffraction pattern. Between the dark subgrains is a non-diffracting gray phase (white arrows in B) that appears to be amorphous silica.
ily observable in optical photomicrographs (Fig.  2) , areas of disseminated kerogen provide little visible contrast in low-resolution TEM images (Fig. 2C ). To ensure that the features examined with TEM were indeed microfossils, care was taken to track with optical microscopy each microfossil through the ion-thinning process until it was observed in the electron-transparent portion of the sample. Photomicrographs of the ionthinned sample were used to guide the final stages of thinning and to correlate spatially observations from the entire TEM investigation with petrographic observations. Our detailed characterization of microfossils such as G. minuta required exact correlation between optical photomicrographs and TEM images. G. minuta microfossils consisted of quartz and a non-diffracting phase that appeared bright in bright-field images and formed a "secondary matrix" along quartz grain boundaries within the microfossil (Fig. 3) . This matrix contained 200-500-nm-diameter grains of spheroidal silica. In contrast, the matrix of the chert host rock was entirely composed of 2-5-m-sized microquartz (Fig. 4) . The distribution of the secondary matrix correlated with the dark kerogen observed in optical photomicrographs, and the low electron scattering expected for kerogen indicated that this grain-boundary phase was kerogen. In contrast, the microquartz matrix consisted of a polygonal mosaic texture with near-planar grain boundaries and no apparent grain-boundary kerogen (Fig. 4) . SAED patterns from crystalline phases in the secondary microfossil matrix and the microquartz matrix indicated they were ␣-quartz (Figs. 3 and 4) .
Microfossil quartz grains displayed a "mottled" appearance, with subgrain domains exhibiting varying diffraction contrast (Fig. 3B) . SAED patterns from microfossil grains showed asterism and rotational splitting of reflections, indicative of rotational disorder (up to 5°) of quartz subgrain domains (Fig. 3B) . These domains were separated by a material that scattered electrons much more strongly than the interstitial kerogen, but without the diffraction contrast of quartz. This material, which displayed no observable contrast changes in bright-field images while tilting, is therefore interpreted to be amorphous silica. In contrast, bright-field images of microquartz in the chert matrix exhibited more uniform diffraction-contrast and SAED patterns representative of single crystals of ␣-quartz without asterism or spot-splitting (Fig. 4) . A set of planar features observed "edge-on" in bright-field im-ages of matrix grains (Fig. 4B ) are oriented parallel to {101 -1}, and were probably formed by Brazil-law twinning on {101 -1} as is commonly observed in length-fast chalcedony (see, e.g., Cady et al., 1993; Graetsch, 1994; Heaney, 1994) . Based on the above observations, the silica making up G. minuta microfossils is texturally, microstructurally, and mineralogically distinct from the chert matrix in terms of grain size, shape, and internal microstructure. Small coccoidal microfossils such as H. microreticulata (Hoffman and Schopf, 1983) , which are difficult to preserve through ion thinning because of their small size, produced distinctive brown rings in optical photomicrographs of ion-thinned samples. These kerogen-rich rings have been interpreted to correspond to microbial cell walls or extracellular sheaths (Horodyski et al., 1992) . Bright-field TEM images also showed this distinctive ring structure (Fig. 5A) . Unlike the filamentous G. minuta, which consisted of nanocrystalline silica and interstitial kerogen throughout, H. microreticulata consisted of nanocrystalline silica only in the outer kerogen-rich ring (Fig. 5) . The interior typically contained large ␣-quartz crystals similar to the surrounding chert matrix, whereas the silica in the kerogen-bearing ring consisted of submicrometer crystallites of ␣-quartz, as indicated by SAED patterns (Fig. 5B) . Although the nanocrystalline silica grains within the kerogen have a mottled diffraction contrast (Fig. 5B) , no evidence of microstructure similar to that observed in G. minuta was found.
As in G. minuta, silica crystallites within the outer ring of Huroniospora spp. were typically surrounded by non-diffracting material that appeared bright in bright-field images and dark in annular dark-field images. The spatial location and distribution of light-to dark-brown kerogen in optical photomicrographs correlated with the TEM observations, which indicated that the material is kerogen. Unlike the finely disseminated kerogen in G. minuta, however, this material occupies pore spaces as large as 100 nm at grain boundaries (Fig. 5) .
To confirm that the low-contrast grain-boundary phase is carbon rich, we used EDS analysis in combination with STEM imaging to measure a carbon x-ray signal (Fig. 6) . EDS spectra obtained from the low-contrast phase showed strong K x-ray peaks for C, O, and Si (Fig. 6C) . Control spectra, obtained from the nearby quartz matrix using the same beam size and current, showed an extremely weak carbon signal (Fig. 6C) , resulting either from the carbon coat or from carbon contamination that could have been produced during microanalysis with a highly focused electron beam. Because the beam conditions for both quartz and kerogen EDS analyses were the same, the strong C peak from the kerogen could not be just an artifact of the carbon coat or contamination. Based on the limited scattering of electrons by the kerogen, as indicated by bright areas in bright-field images (Fig. 5 ) and dark regions in HAADF images (Fig. 6 ), the kerogen in this H. microreticulata example did not appear to contain significant silica.
An H. macroreticulata form (ϳ25 m in diameter) (Hoffman and Schopf, 1983 ) was also studied with TEM. Before milling, this microfossil appeared to be a large single coccoid defined by dark kerogen in a matrix of coarse-grained silica. After initial ion milling, however, the microfossil was revealed to consist of several, smaller coccoidal forms surrounding a larger, dense coccoidal mass of kerogen (Fig. 7A) . Sectioning of this specimen by further ion milling revealed a structure resembling a group of H. microreticulata (ϳ4-5 m in diameter) coccoids surrounding a central larger Huroniospora spp. (8-10 m) (Fig.  7B ). In this ultrathin section, the coccoids were visible as rings of brown kerogen, two of which appeared to be nearly rectangular. Bright-field TEM images (Fig. 7C ) revealed that many of the coccoids in this cluster consist of 5-10-m subhedral to euhedral quartz crystals surrounded by kerogen. As in previous examples, the kerogen is present as a distinct phase in interstices and along grain boundaries between quartz grains. However, in this case, the quartz grains were much larger, and less nanometer-scale quartz was present in the outer "wall/sheath" regions. Several coccoids were defined entirely by a dense kerogen "moat" around the outer edges of single, large, euhedral quartz crystals. We found that the coccoid morphologies, in general, reflected the size and shape of the central quartz crystals.
Coccoid-filling quartz crystals also contained two types of inclusions visible in TEM images. In bright-field TEM images, the inclusions appeared as bright, weakly scattering material and as dark, strongly scattering acicular and columnar nanocrystals Ͻ100 nm across (Figs. 8 and 9 ). The weakly scattering inclusions produced strong carbon K x-ray peaks in EDS spectra, indicating that they are kerogen. EDS spectra, obtained with a 12-nm-diameter spot focused on the included nanocrystals, showed that they are rich in Fe, Si, O, and C (Fig. 8) . The Si peak may have been produced from the quartz host surrounding iron-oxide or iron-oxyhydroxide nanocrystals, or it may indicate that the nanocrystals are Fe-silicates.
The relatively large regions of kerogen between quartz grains in the H. macroreticulata microfossils (Fig. 7) provided opportunities for EDS chemical analysis with little or no contribution to the spectra from the surrounding quartz. Three EDS (1 and 2) of EDS microanalyses. C: Resulting spectra from B. Spectrum 1 shows a strong C K peak from the kerogen as well as O K and Si K peaks from the surrounding quartz. Spectrum 2, taken 60 nm into the fossil, corresponds to the quartz and shows no carbon peak. Both spectra are shown on the same intensity scale, with x-ray counts plotted from 0 to 200 for each spectrum.
FIG. 7. Optical photomicrographs and TEM bright-field image of H. macroreticulata.
After initial ion thinning (A) the formerly coccoidal form can be seen to be a cluster of smaller coccoids surrounding a larger coccoid. Thinned to electron transparency (B), the individual coccoids of variable size and shape are clearly defined by walls of dark kerogen. Much of the kerogen occurs along straight crystal facets (arrows) on quartz grains. The bright-field TEM image (C) corresponds to the box outlined in B and shows the light contrast of kerogen along grain boundaries and in regions along faceted quartz crystals (arrows). The two halves of the image have been adjusted for contrast separately. spectra from a 100-nm-wide region of kerogen and one from the surrounding quartz (Fig. 9) contain K x-ray peaks from C, O, Si, S, and Cu as well as an L x-ray peak for Cu. The Cu signal is interpreted to be an artifact of sputtering of Cu metal from the TEM grid onto the sample during ion milling. The C peak observed in the quartz analysis (Fig. 9B ) was a result of surface contamination. Note that the intensity of the C contamination peak is much less than the C peak obtained from the kerogen, using the same highly focused electron beam for STEM (1-2 nm nomi- Fig. 7 . A: Bright-field TEM image of an acicular or bladed iron-bearing inclusion in quartz. B: EDS spectrum from the inclusion (1) contains a strong Fe Ka peak, whereas the EDS spectrum from the surrounding quartz matrix (2) does not. Both spectra are plotted on the same x-ray intensity scale. Fig.  7C (lower left) and corresponding EDS spectra (B) of the large quartz crystal (spectrum 1) and the kerogen pocket (spectra 2-4). The quartz spectrum (1) has a tiny C K peak caused by contamination. All spectra have Cu L peaks associated with Cu contamination from low-angle ion milling, but the kerogen contains more Cu than the quartz. The kerogen displays peaks for silicon and sulfur, suggesting that these elements are actually present within the kerogen, possibly as contamination. All spectra are plotted at the same x-ray intensity scale. The lower intensity scale corresponds to spectrum 1, whereas the upper scale corresponds to spectrum 2. Spectra 3 and 4 are simply displaced upward. nal spot size). The two spectra from the kerogen region have strong C K x-ray peaks as well as relatively strong Cu K and L x-ray peaks. Kerogen EDS analyses consistently showed higher Cu concentrations, which suggest that kerogen was more effectively contaminated by sputtered Cu during ion milling. Kerogen spectra (Fig. 9B ) also show O K peaks that are significantly larger than the Si K peaks, and the S K peaks that are comparable to Si K peaks. These data suggest that the kerogen has a significant oxygen and sulfur content. The small Si K peak probably represents a small amount of SiO 2 intermixed with the kerogen, while the S K peak may be from degraded organic sulfur compounds.
FIG. 8. TEM image and EDS spectra of an inclusion within the Huroniospora shown in
FIG. 9. Bright-field STEM image (A) of a kerogen pocket from the Huroniospora microfossil shown in
The heterogeneous contrast displayed in TEM images of kerogen-filled interstices (Fig. 9A) suggests that the kerogen is not totally amorphous or it contains domains of other materials such as silica. EELS spectra were obtained from similarly large regions of kerogen to investigate the degree of crystallization. Examination of the ELNES of the K-ionization edge for the kerogen reveals spectral details that can be related to the bonding of the carbon atoms (Miner, 1989) . A representative K-edge ELNES spectrum of kerogen (Fig. 10) consists of a small shoulder (ϳ285 eV) at the ionization edge, which corresponds to 1s to * electronic transitions, and a broad main peak (ϳ295 eV), which corresponds to the 1s to * electronic transitions. Although * and * features reflect bonding similar to that of graphite, crystalline graphite produces a much stronger and sharper * peak, and a wider * feature with a sharp peak at the onset of the * feature (labeled "A" in Fig.  10 ). The ELNES spectrum of Gunflint kerogen is nearly identical to the ELNES of amorphous carbon (Fig. 10) and lacks the sharp * and "A peak" (cf. Miner, 1989) at the onset of the * feature for crystalline graphite. Like that of amorphous carbon, the Gunflint kerogen ELNES spectrum has a rounded * peak with a shallow slope on the high-energy side. These observations indicate that the graphitization of kerogen in our Gunflint samples is insignificant.
DISCUSSION
Several lines of petrographic evidence have been presented for the existence of an opaline silica precursor during the formation of Gunflint cherts (Simonson, 1987; Winter and Knauth, 1992) . Arrays of radial, fibrous chalcedony spherules, as described in our samples, have been compared with devitrification textures from amorphous opal, similar to volcanic and industrial glasses (Knauth, 1994) . Graetsch et al. (1987) proposed that the formation of fibrous chalcedony is favored by microcrystalline silica forming in a viscous amorphous medium such as silica gel, and Cady et al. (1996) found that fibrous microquartz could form epitaxially on diagenetic opal. Heaney (1994) argued that radiating fibrous microquartz may also form authigenically from FIG. 10. EELS spectra of graphite, amorphous carbon film, and Gunflint kerogen (from the pocket in Fig. 7) . The graphite and amorphous carbon spectra (Miner, 1989) are unprocessed data, whereas the Gunflint kerogen spectrum has had the background and plural scattering removed. The spectrum of graphite is distinct from that of amorphous carbon or kerogen in that it has a pronounced and sharp * peak, a wide * peak, and a sharp peak (A) at the low-energy edge of the * peak. Like the amorphous carbon film, the Gunflint kerogen spectrum has a poorly resolved * peak and a rounded * peak with a gently sloping high-energy side and no A-peak at the lowenergy side.
silica-rich solutions. In the case of Gunflint cherts, bulk rock oxygen isotope measurements indicate that microquartz precipitated authigenically (Winter and Knauth, 1992; Knauth, 1994) . Brazillaw twins in matrix microquartz crystals are characteristic growth defects (Heaney, 1994 ) that further support the interpretation that these cherts consist of authigenic microquartz (Winter and Knauth, 1992) . Though the microstructures that result from various opal to microquartz phase transformation mechanisms are not well understood, the "classic" view is that opaline silica dissolves and reprecipitates, i.e., via Ostvald ripening, to form ␣-quartz diagenetically.
The spheroidal shape and heterogeneous textures of the silica within G. minuta are interpreted here as partially devitrified amorphous or very poorly crystalline (i.e., opaline precursor) silica. The nanometer-scale subgrain domains of ␣-quartz within silica spheroids represent the devitrified material, whereas the amorphous material in the spheroids appears to be a remnant of opaline silica. Silica spheroids within G. minuta are similar in size (Ͻ500 nm in diameter) and shape to opaline spheroids formed during silicification on the surfaces of bacteria (Ferris et al., 1986; Ferris, 1988; Schultze-Lam et al., 1995; Westall, 1996) or plants (Leo and Barghoorn, 1976; Stein, 1982) . To our knowledge, this is the first report of evidence for amorphous or poorly crystalline precursors in microquartz directly associated with Gunflint microfossils.
The distribution of silica and carbonaceous material in the Gunflint microfossils, as well as the marked difference in microstructure between microfossil and matrix, indicates that organics played an important role in fossilization and preservation. During the silicification of many organic molecules, aqueous silica polymers are thought to hydrogen-bond with surface hydroxyl functional groups (Mann et al., 1993; Heaney and Yates, 1998) . Continuing polymerization with hydrolysis would lead to the formation of opaline phases. The precipitation of opaline silica on bacterial surfaces is kinetically favorable, relative to precipitation of authigenic quartz, because organic macromolecules (such as extracellular polysaccharides), with similarly complementary functional groups, act as substrates for heterogeneous nucleation (Dove and Rimstidt, 1994) . Furthermore, opaline silica would be considerably more effective than authigenic quartz in preserving detailed cellular structures such as those observed in Gunflint microfossils (Hofmann and Schopf, 1983) .
Not all of the observed microfossils exhibited textures consistent with opaline silicification, however. In Huroniospora, silica grains associated with cell walls (or extracellular sheaths) varied in shape from subrounded to subhedral, and did not exhibit crystalline subgrain domains in amorphous silica. Many of these grains exhibited near-triple-junction boundaries similar to those observed in the matrix and indicative of recrystallization. Similarly, the distribution and density of kerogen varied among microfossils, and some displacement of kerogen has clearly occurred. The presence of single, relatively large euhedral quartz crystals surrounded by kerogen-dense regions in several Huroniospora microfossils could indicate the degree to which microquartz has coarsened diagenetically. Alternatively, these crystals may also have formed syngenetically from "micropore" fluids within mineralizing cells or cavities. The lack of strong evidence for the redistribution of kerogen by finer crystals of silica within the surrounding kerogen-dense regions supports the latter hypothesis. However, because the original sizes of these smaller crystals are not known, it is possible that both finer and coarser silica coarsened diagenetically and displaced kerogen to some degree.
The crystallinity of carbon in kerogenous cherts is potentially a useful biosignature in distinguishing biogenic kerogen from abiotic, disordered graphite. ELNES provides a means of distinguishing graphite from amorphous carbon (Miner, 1989) . ELNES data from kerogen in Huroniospora clearly showed that the kerogen in this Gunflint microfossil example is amorphous with insignificant graphitization. We infer that the original phase was therefore amorphous kerogen from degraded cellular organic matter and not partially disordered graphite or abiotically formed carbon. We interpret the kerogenous bacteria-shaped features in the Gunflint Formation as the diagenetic remnants, probably preserved by early opaline silicification, of Precambrian microorganisms.
Progressive ion milling during TEM sample preparation revealed the morphological complexity of some Gunflint microfossils when observed in cross-section under the petrographic microscope. Current taxonomic classifications of Gunflint microfossils, based on description of size, shape, and texture using light microscopy, can be problematic in some cases (Moore, 1993) . For example, a single coccoid, found in this study to be petrographically similar to H. macroreticulata, was found to consist of many smaller coccoids more similar to H. microreticulata (Fig. 7) . One plausible explanation is that this "microfossil" was actually composed of multiple similarly shaped, smaller microfossils. Several of the smaller coccoids described above contained relatively large euhedral quartz crystals within their interiors. The growth of these crystals appears to have affected to varying degrees the distribution of kerogen and, therefore, the morphology of each microfossil. Taxonomic classification based on petrographic microscope observations of planform morphology or three-dimensional kerogen distribution may lead to erroneous interpretations if permineralization or recrystallization modified kerogen distribution significantly.
CONCLUSIONS
Although many microbes are now known to produce various mineral, i.e., oxidation/reduction products, or chemical, i.e., isotope fractionation, biosignatures, some microbial biosignatures may also take the form of local differences in mineralogy, microstructure, and/or chemical composition from the host sediments (Moreau, 2000; Moreau and Sharp, 2001; Cady, 2002) . These variations may be produced either as active metabolic products or passively because of the presence and influence of biological organic matter. The heterogeneous nucleation of minerals on microbial surfaces that were not significantly degraded prior to and during burial would constitute the latter type of biosignature. In the Gunflint chert, organic material associated with some microfossils is interpreted to have promoted the heterogeneous nucleation and precipitation of opaline silica. We propose that the subsequent phase transformations during diagenesis produced the partially devitrified submicroscopic silica spheroids within the microfossil that constitute a submicroscopic, mineralogical, and microstructural biosignature. Such biosignatures may be very important in rocks from other settings where the kerogen has been badly degraded or lost.
The kerogen itself is the most important biosignature in the Gunflint chert samples because it does not display crystallinity, which would be indicative of abiotic synthesis or significant diagenesis/early metamorphism. Our study revealed the presence of kerogen as a distinct phase along grain boundaries between quartz crystals, which indicates that the kerogen was not replaced by silica during silicification. However, the distribution of kerogen can be modified by permineralization and recrystallization, such that resultant morphologies reflect the shape of the permineralizing crystals. Better understanding of the processes by which microorganisms are mineralized and of the reactions that occur at the interface between organic and inorganic phases at various stages of fossilization (and diagenetic alteration) will require further investigation and laboratory mineralization experiments beyond the scope of this study. Furthermore, in samples where abiotic disordered graphite may be present, it is critical that the carbon is structurally characterized to distinguish amorphous kerogen from disordered graphite. In Gunflint chert from Schreiber Beach, ELNES analysis showed that the microfossil-associated kerogen is amorphous and not significantly graphitized.
dark-field; PEELS, parallel electron energy-loss spectrometer; SAED, selected area electron diffraction; STEM, scanning transmission electron microscopy; TEM, transmission electron microscopy.
